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Introduction 

. 

The problem of aircraft noise has always plagued aviation. Since the 
development of aviation has been closely linked to military requirements, 
the noise has generally been tolerated in the interest of national defence. 
However, as military type engines were converted to commercial use, puljlic 
reaction near airports required new operating procedures, possible restric- 
tion of the use of certain runways to daytime operation, and the use of jet- 
engine suppressors which add considerably to the expense of flight operations. 
At recent hearings before a Congressional Committee of the United States 
House of Representatives, it was estimated that the increase in fuel consump- 
tion and reduction of cruise speed caused by the suppressors resulted in a 
cost penalty of $10,000 per month per jet airliner. The research and deve- 
lopment cost of suppressors was estimated to be approximately 50 million 
dollars. 

, 

Despite this expenditure of effort and money, it has long been recog- 
nized that the jet-noise suppressor is an interim marginal solution to the 
problem, and that in the future noise consideration must play a major part 
in the design of the engines and in the matching of the engine to the airplane, 
so that noise may be reduced at the source without incurring such large 
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penalties, and that the airplane has suf€icient perfom= that it may climb 
more rapidly, thus reducing the noise by achieving a higher altitude near the 
airport, This, to a considerable extent, is being achieved through the deve- 
h p n e ~ $  Q€ &n engines whiGh can obtain greater thrust and fuel economy 
with less noise. 

Tim wbject of aircraft mise inwlves many discipfjIlps, With regard to 

and propukion. With regard to sound transmission there are atmospheric 
acoustics, meteorology, architectural acoustics, and aircraft sound treatment. 
With =gad to effects of sound on structures and man there are the fields of 
stMctural vibration and fatigue, environntental engineerin%, aero-medicine, 
bioacoustics, and public relations. 

How the many facets of the problem interact will be indicated in the 
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m. 1. Factors afftctng the response of structures and people to aircarft noise. N.A.S.A. 
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A. Source Characteristics 

The important characteristics of the source are its acoustic power, fre- 
Gency characteristic, correlation properties, directional properties, and how 
these are affected by operating conditions. A compilation of information 
on jet-engine source characteristics has been made by Clark et aZ.* and von 
Gierke. The acoustic power usually ranges from 0.01 to 0 .3  per cent. of 
the mechanical energy of the sources for turbojets, depending on the exit 
velocity. Although this is only a small percentage of the mechanical energy, 
the larger jet-engines radiate 10-100 kilowatts of acoustic energy. The fre- 
quency characteristics are important because the transmission characteristics 
and response of the receiver are very frequency dependent. Most noise 
sourcey have a highly directional characteristic, with both the frequency con- 
tent and magnitude of the sound pressures being a function of the direction 
from the source. 

1. Operational Procedures.-The noise nuisance of an aircraft 
may be greatly reduced by paying close attention to operating procedures. 
For example, a jet-engine, in ground run-ups, should be oriented so that the 
maximum noise intensities are radiated into areas which have a minimum 
of population, Under operations one must consider also that the greatest 
noise is usually associated with full power and that such operations can 
cause hearing damage in maintenance crews and fatigue of the structure of 
the aircraft. Once the aircraft is airborne, operations play an extremely 
important role, and experience in the United States has shown that it is neces- 
sary to make certain " trade-offs " to minimize the noise nuisance. For 
exampIe, for jet operation, if one holds full power in the climb-out, one may 
alleviate the noise problems at some distance from the airport, because the 
airplane will have sufficient altitude to be acceptable ; however, in reaching 
this altitude it is likely to have created a great deal of noise nuisance near 
the airport. In most cases it has been found necessary to throttle back the 
engine and finish the climb at reduced power in order to minimize the total 
noise nuisance. As may be surmised, each airport will have a different 
problem, and the operating procedures for minimizing the noise nuisance 
depends on the geographic features, population patterns near the airport, 
the weather, and on the type of aircraft, its load and range. 

B. Transmission Characteristics 
Under transmission characteristics one considers the reduction of sound 

pressures that result from atmospheric propagation, the effects of barriers 

* Rebmncee are listed by authors in alphabetical order at the end of paper. 
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and various ear-protectkm d k ,  and k t l y  the attenuating characteristics 
of enclosures and the &ixt of frequency response of the receiver. One should 
attempt to make the reduction of the noise so great during transmission that 
it will not adverseiy a$at the receiver. 

1. E f l i  of iXs&mx, W e a t k  md Barriers.-Increasing the distance 
betswes $le scmrce and d w e r  is m e  &&e m ~ s t  &kcti= ways of reducing 
the kansmksion of the sound energy. For a homogeneous atmosphere, and 
if the s o d  is transmitted without loss, the sound energy per unit area will 
vary as the inverse square of the distance. This is the usual basis for esti- 
mating the effect of distance. If one speaks of sound pressure in the far field, 
the sound pressure varies inversely as the distance. These relations may be 
greatly affected by wind and temperature gradients and atmospheric and 
terrain absorption, These factors generally act to reduce the energy that is 

tion proptxties of the enclosure. The science and art of obtaining the desired 
sound reduction for enclosures has recently been summarized in a book by 
Beranek. 

3. Frequency Response of Receiver.-Each receiver, whether it be a 
delicate instrument, the human ear, or part of the aircraft structures or a 
window in a building, has a certain frequency response characteristic which 
makes it sensitive to certain frequencies and nearly impervious to others. 
This, to a large extent, determines whether the noise will have any adverse 
effects on the reoeiver. As a matter of interest, human hearing is most 
sensitive in the frequency range from 500 to 5,OOO cycles per second ; aircraft 
skin structure, in the range from 100 to I,OOO cycles per second. 

C. Effect of Noise on Structures and Humans 
In the last column of Fig. 1 are listed some of the results of the noise 

excitation. These include structural fatigue, equipment failure, and for 
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humans, hearing impairment in extreme cases. For the community, dis- 
turbed rest, speech interference, etc., which may lead to community reaction. 

1. Sonic Futigue.-Fatigue failure of skin panels, stringers, fixture 
brackets, and accessories of aircraft has become a common occurrence. In 
fact, a few hours of maximum-power ground-run may destroy large portions 
of wing, aft fuselage, and tail structure of multiengine-jet aircraft. Precaution 
must be taken to design the structure for high-intensity noise and to keep 
full-power ground-run to a minimum, unless precautions are taken to protect 
the structure. High-intensity noise has also caused malfunction of vital 
control equipment in aircraft and missiles. Time does not permit discussion 
of sonic fatigue, an area that has been the subject of intensive investigation 
by the airframe manufacturers and N.A.S.A. in the United States and Pro- 
fessor Richards’ group at the University of Southampton in England. A 
few references are included in this paper. Of particular importance is a con- 
ference report (edited by Trapp and Forney) on the subject, which includes 
approximately 20 papers. A few additional papers listed include the work 
of Miles, Hess et a!. and Valluri. 

Repeated exposure of personnel to long periods of high-intensity noise 
may result in partial hearing loss. To guard against this it is necessary to 
provide protective devices such as ear muffs, and to take frequent hearing 
tests on the subjects in order to screen out any persons who may be suffering 
hearing impairment. 

2. Community Reaction.-The last three items under receiver response 
deal with the community aspects of the noise problem. These items involve 
not only the physiology of noise but to a considerable extent the psychology 
of community reaction to the noise situation. Such elements as annoyance, 
fear of falling aircraft, degradation of property values, and community moti- 
vation and organization are all factors. In dealing with the community 
problem it is important to emphasise that the noise levels in the community 
are not high enough to cause damage to the hearing or to the property. In 
spite of the many intangible elements of the community problem, it has been 
possible to make some predictions as to community response to noise situa- 
tion and to develop criteria for acceptable noise levels. A major part of 
this work has been done for the New Port Authority by Kryter of the consult- 
ing firm of Bolt Beranek and Newman, Cambridge, Massachusetts. In many 
cases, good public relations and education of a community with regard to 
the noise problem have markedly increased a community’s tolerance to 
noise. 
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PART II 
Research on Noise sourceS 

In the previous section of the paper the relation of sound source to 
receiver response. has been discussed in very broad terms. In this section 
the physics of noise generation will be presented in more detail and the 
d t s  of research during the fast decade will be reviewed briefly for the 
mjor somoes af aircraft noise. 

c 
i 

To understand the mechanism of aircraft noise generation and to cal- 
culate the characteristic radiation patterns of the noise field, it is convenient 
to represent the aircraft noise source by a distribution of basic acoustic 
sources. These basic acoustic sources are the point source and the dipole. 
These have been uged in acotfstics over the last hundred years. More 

I 

Fio. 2. Properties of acoustic sources (Hubbard and Regier). N.A.S.A. I '  
E pictorial representation of each of the acoustic sources; the third column 

gives the type of phenomena represented. The source is used to represent 
the noise associated with a fluctuating volume; examples are: exhaust from 
reciprocating engines, pulse jets, gun blasts, and the starting of afterburners 
on jet-engines. The dipole is usually used where there is no fluid injected 
into the air, but there is a fluctuating force; examples are: propeller noise, 
jet-engine inlet noise, vortex noise, and boundary-layer noise, although the 
latter is somewhat controversial. As mentioned earlier, the quadrupole was 

I 
I 

I 

1 
I suggested by Lighthill to explain the mechanism of noise generation of a 
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turbulent jet of fluid. Tn this case, there is a great deal of noise generated 
even though there is no unsteadiness in the fluid injection rate and no external 
force fluctuations. Lighthill, therefore, described the basic mechanism in 
terms of quadrupole radiation. He indicates, however, that the fluctuating 
pressures in the turbulent field of the jet may be represented by simple sources 
and the fluctuating shearing stresses may be represented by lateral quadru- 
poles. 

The radiation patterns of the various sources are given in the fourth 
column. The radiation patterns are often the key to the basic mechanism, 
and help to explain why aircraft noise sources have certain directional 
patterns. It should be noted that, when the sources are placed in motion, 
or when the aircraft source is represented by a complex array of basic 
sources having particular phase relations, the radiation pattern and intensities 
are greatly modified. 

Thz a t h  column gives the relative acoustic efficiencies for a sphere oscil- 
lating in a manner to represent the basic sources. These are selected from 
some values calculated by Stokes for a condition that the wavelength is twice 
the sphere circumference. 

The last column of Fig. 2 relates the sound energy to the kinetic energy 
and Mach number of the aircraft noise source. These relations are derived 
from the far-field terms of the source equations and on certain simplifying 
assumptions relating the area and velocity of the aircraft source to the volume 
flow and frequency of the basic source. 

An inspection of the last column shows that the sound energy varies as 
increasing powers of the velocity as the source becomes more complex, and 
Lighthill's VA is evident for the quadrupole. Experience has shown that a 
single source or multiple sources in random phase seem to follow the trends 
with velocity shown in the last column. When the sources are moving at 
high velocity or are not of random phase, the sound energy follows different 
laws. 

B. Propellers 

The main source of noise for propellers is the steady lift forces on the 
blades. The theory for the noise due to these steady lift forces is given by 
Gutin. He represented the propeller by a ring of force dipoles at the 0.7-0-8 
propeller radius, the thrust dipoles being alined with the propeller axis and 
the torque dipoles being perpendicular to the axis. The pressures of these 
&poles are integrated over the ring, and he obtained solutions of the problems 

i I 

. 
. I  
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in terms of Bessel functions. The results of this analysis have proved quite 
satisfactory in explaining the directional properties, frequency content, and 
effect of operating conditions, even to tip speeds in the transonic speed range. 
The= is some indication that at the higher speeds the effect of blade thickness, 
which may be represented by simple source distributions (see Deming and 
Diprose), and the wave drag of the propeller may be important. 

The general theory, including both the near- and far-field noise for the 
propeller at subsonic fiight speeds is given by Garrick and Watkins. By 
using high-speed computing machines it is now practical to represent the 
propeller with a more detailed dipole distribution, taking into account both 
the blade chordwise pressure distribution and blade radial load distribution 
(Watkins and Durling). A general summary on propeller noise has rzcently 
been prepared by Regier. This includes a detailed discussion of synchro- 
phasing, a technique for locking the propellers in such phase as to rninimise 
the vibration levels and noise in the fuselage. Results of Bight measurements 

source of noise during the landing approach. An analysis of complaint 
patterns near large airports has shown that there are probab!y more com- 
plaints arising from aircraft approaches than from climb-outs, and hence the 
inlet noise problem is of greater importance than first anticipated. With the 
change-over from conventional jet-engines to fan jet-engines, the inlet noise 
problem has been aggravated because more energy is going into fan noise 
anel relatively less into the jet noise. 

Perhaps a word of explanation about the fan engine is in order. As 
indicated in Fig. 2, for jet noise (quadrupole radiation) the sound energy 
varies as pAV. The thrust (T) of a jet-engine varies as pAV2 ; hence the sound 
energy varies as TV6. Thus, for a gven thrust a large noise reduction may 
be achieved by decreasing the jet velocity. As the velocity is decreased, the 
mass flow must be increased to maintain thrust. This increase in mass flow 
bas been achiebred by pumping some of the air around the en@ne; using 
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shrouded fans at either the front end or at the rear of the engine. (see Fig. 3). 
Recent engines of this type built in the United States are usually called 
fan engines. Recent trends are to increase the ratio of bypassed air so that 
the air bypassed is nearly twice the air going through the turbine (see Gordon). 

* FAN AFT 

* 
FAN FORWARD 

FIG. 3. Turbofan engine. N.A.S.A. 
. I  

1. Theory of Ducted Fan and Compressor Noise.-The mechanism of 
noise generated is similar to that of the propeller, execpt that the unsteady 
blade forces play a more important role. These unsteady forces are of two 
kinds : (1) Periodic frequency forces resulting from stator interaction, strut 
interference, or non-uniform inflow. (2) Random frequency forces caused 
by vortex shedding, flow separation, and stalling. The periodic forces and 
the steady forces on the rotor blades lead to noise of discrete frequencies, at  
the blade passage frequency and harmonics thereof. The random frequency 
forces lead to a broad band spectrum, often called vortex noise. 

Although the theory of noise generation for propellers has a direct appli- 
cation to ducted fans, the radiation characteristics are greatly modified by 
the transmission characteristics of the duct. The theory of noise transmission 
in ducts is well established. Only recently, however, has a co-ordinated 
theory for the noise from ducted fans been given, which considers both the 
generating mechanisms and the transmission characteristics. It is believed 
that this theory proposed by Tyler and Sofrin presents the framework for 
understanding compressor noise, and eventually should lead to more refined 
methods for quantitatively calculating the noise intensity of compressors and 
fans. The theory treats the propagation of the steady and the periodic blade 
loads through ducts having various ratios of inside to outside radii, and gives 
the spatial radiation pattern from such ducted rotors, 
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1 1 Tyler and Sofrin have calculated the duct &-ion loss for the steady 
pressures on the blades for various rotor configurations. A typical example 
of some of these calculations is shown in Fig. 4. This presents the loss, 
expressed in decibels per outer radius of dud length as function of rotor 
tip Mach number. In this example, the inner duct is one-half the outer duct 
radius. 
pnssure field. For example? m = 3 2  woull represent the f-mtal 
fmqmncy due to the steady loads on a 32-blade rotor. 

L The different curves are for different number of lobes in the rotating 

t 

, PrattPndWhitawyAircraft 
W.A.S.A. 

beinorder. Inthisfigure 
at the rotor and pz iS 
the rotor. "hm, at 

Adb = 20 the pressures have dropped to 1/10 and at Adb = 100, the 
pmsures have dropped to 1 P .  

It may be noted that the pressures become insignificant at subsonic tip 
speeds, particularly for the higher values of m, but for supersonic speeds 
the pressures are propagated without loss. There is still some loss at low 
supersonic speeds, because part of the rotor may be subsonic near the hub 
when it is supersonic at the tip. 

The stator interaction results in pulsing pressure fields which are fixed 
in space. In the Tyler-SOfM theory the pulsing pressure field of the stator 
is resolved into an infinite series of rotating pressure fields of constant ampli- 
tude, having rotation in the same and opposite direction as that of the rotor, 
and rotating at speeds greater and less than rotor speed. It turns out for 
most practical situations and some of these rotating fields will have supersonic 
speeds even though the rotor is subsonic. Hence, these modes will be trans- 
mitted through the duct without loss. The theory thus shows for subsonic 
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rotor speeds that the noise due to the steady forces is attenuated in the inlet 
duct, but that the noise due to the unsteady loads is difficult to attenuate in 
the duct. 

2. Experiments on Compressor Noise.-The theory given in the pre- 
ceding section has dealt with the steady and periodic forces on the blade. 
In practice, it has been found that much of the compressor noise comes from 
the random forces on the blade, and that the noise spectrum is very broad. 
An example of the noise spectra of a single-stage rotor driven by an electric 
motor is given in Fig. 5.  These are some results of an investigation being 

SOUNG 
PRESSURE 
LEVEL, OB 
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FIQ. 5. Comparison of one-third octave band spectra for stalled and unstalled rotor 
(Modlin). N.A.S.A. 

conducted at N.A.S.A., Langley Research Center, by C. T. Modlin. In 
Fig. 5 the one-third octave pressure levels are plotted as function of frequency 
for normal operating conditions and for the rotor stalled. For the rotor 
in normal operation one may note a random output that peaks at low fre- 
quencies, and a spike in the curve slightly above 1,000 cps. This spike repre- 
sents the rotor fundamental frequency and is due to the periodic loads. 
Since the ear has its maximum sensitivity in the range where the fundamental 
rotor frequency usually occurs, most persons find this discrete frequency 
very objectionable. In fact, the ear will often sense the discrete frequencies 
of the compressor noise, even though the frequencies are not discernible in 
an octave band analysis of the noise. These discrete frequencies are, how- 
ever, easily detectable with a narrow band analyzer. For noise of this type, 
Little shows that a 1/24 octave band analysis indicates a 10-decibel spike in 
the spectrum, whereas the octave band analysis shows only a broad spectrum. 
It is generally recognized that methods for predicting perceived loudness which 
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are based on octave band data are not applicable to noises having a discrete 
high-frequency component and a reevaluation is now being made of the 
methods. 

As the rotor is stalled, one notes in Fig. 5 a large increase in the broad 
random noise and the discrete frequency noise is submerged in the random 
noise. Some indication of the spatial distribution of the noise and the effect 
of mass flow on the intensity of the mise is given h Fig. 5. The rotor speed 
was held constant and the mass flow was changed by choking the exit. It 
may be noted that the noise is a minimum at some intermediate mass flow 
and is about 8 decibels higher in the stall. 

Q 

Fro. 6. Effect of rotor load on the overall noise levels (Modlin.) N.A.S.A. 

Grcatrex presents flight and ground-run measurements of the com- 
pressor noise of various engines and presents semi-empirical relations for 
predicting the white random noise and the discrete frequency noise of com- 
pressors. Some results are also given on the use of a choked (sonic) inlet to 
eliminate the noise. The sonic inlet is a very effective way of eliminating 
inlet noise; however, the problem of providing a fail-safe choking device 
and the mechanical complications of such a device have prevented its use for 
current aircra€t. 

A recent article by Gordon reviews some of the work done in reducing 
the noise of an aft-fan jet-engine. In this engine the discrete frequency coise 
was radiated mainly in the aft direction. Resonator type sound absorbers 
are used in the exhaust nozzle to reduce the discrete frequency noise in this 
engine- 
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Although the fan engine noise problem remains one of considerable 
concern, recent research has thrown light on the mechanism of noise genera- 
tion and propagation and various means have been found to reduce the inten- 
sity of the noise. Some of these methods include cleaning up the flow into 
the rotor, increasing the distance between stators and rotors, changing the 
stage loading, and using sound absorbers in the duct. 

D. Jet Exhaust Noise 

1. Theory.- This is a subject that has been intensively studied in recent 
years, and some information on this subject is given in previous sections of 
this paper. In this section we shall give only a very brief coverage of the 
subject. Most theoretical investigations start with Lighthill's classic work, 
in which he presents the inhomogeneous wave equation and shows that any 
turbulent field is equivalent acoustically to a distribution of quadrupoles of 
strength Tij placed in a uniform medium at rest. Ribner, Mollo-Christensen 
and Narasimha, Lilley, Dyer and Powell have been some of the recent 
investigators in this field. Lilley has written a comprehensive review paper 
in which he used the turbulence measurement of Laurence to calculate the 
noise sources distribution in a jet, and finds that the main source of noise is 
the shear-turbulence interaction which exists in the mixing region of the jet, 
namely, in the region of the jet from the exit to approximately 6 diameters 
downstream. Similar results have also been found by Ribner and others, 
who show that the energy radiated per unit length of jet in the mixing region 
is a constant, and that in the fully developed jet the sound energy drops off 
as the x - ~  power of the distance. This is illustrated in Fig. 7. 

2. Experiment.-Experimental work on jet noise has been extensive, 
starting with the early work on model jets by Westley and Lilley, and Lassiter 
and Hubbard, to full-scale work on jets by Howes et al., and Callaghan and 
Coles. A large amount of work, particularly with hot jets, has been done 
by engine and airframe manufacturers in both England and the United States. 
A recent summary of jet noise work is given by Howes. These studies have, 
in general, confirmed the scaling laws indicated by the theory, and shown 
that the sound power varies approximately as the velocity to the eighth power 
for subsonic jet speeds. As the velocity is increased to supersonic speeds, 
the sound power no longer varies as the eighth power, but more nearly as the 
third power of the velocity, the sound power being approximattely 4 to 1 per 
cent. of the mechanical energy of the jet (see Mayes and von Gierke). This 
behaviour of the supersonic jet may be explained in part by the fact that little 
noise seems to originate from the supersonic flow, and the center of noise 

I 
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emission appears to be in the region where the jet shocks down to subsonic 
speed, several jet diameters behind tht jet exit. 

JET 

I ’  

! 

Flo. 7. Tbooretical -# distribptiee h $t ghamto ( R i h r ) .  N.ASA. 

3. Noise Suppression.--Since the source of noise of subsonic jets is the 
mixing region (Fig. 71, jet d e r s  have gmerally worked on the principle 
of s h o e  the miXing.regiOn by causing the rapid spreading of the jet 
and entrapping the ambient air into the jet, thus mom rapidly reducing the 
vebcity of the jet. Some of the practical applications and evaluation of 
various types of jet mufliers are given by Withington, Grcatrex, Coles and 
Callaghan and Gordon. 

Research on jet nok  srsppression is still continuing particularly with 
regard to the mixing of the hot itnd cold flow of the fan engines. The super- 
sonic jet, although not of primary concern for commercial aircraft, is of major 
concern with regard to missiles and spacecraft launchers, and hence the 
subject of further study. 

E, BonndarpLqwrNojsC 
The increase in speed and dynamic pressure of transport jet aircraft 

has placed an emphasis on boundary-layer-noise investigations. This is 
now the principal source of fuselage mise for the high-speed subsonic jet 
cruise tlight, and it0 impomnee will hcmw for the qegsoni c transport, 

3 

i t 
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It is well to consider the boundary-layer-noise problem in two parts: 
(1) the magnitude, frequency content, and correlation lengths of the pressure 
at the boundary, and (2) the sound transmitted by a flexible wall when 
subjected to the boundary-layer pressure fluctuations. 

1 .  Experiments on Boundary-Layer Pressures.-An excellent summary 
of the first part, namely, the pressure characteristic for the subsonic boundary 
layer is given by Willmarth. He shows for a fully developed turbulent 
boundary-layer that the ratio of the root mean fluctuating pressure to the 
free-stream dynamic pressure dp7qrn6 x IO-$. The ratio is essentially inde- 
pendent of Reynolds number or subsonic Mach number. This has been 
borne out by flight measurements and other investigators. The measured 
values vary somewhat from approximately 3 to 9 X lW3, depending on test 
conditions and instrumentation. The spectral density of the fluctuating 
pressures is essentially flat from US*/ V= 0.1 to 1.0. Thedropping off of the 

, spectral density curve atthe high frequencies seems tobe a function of the si@ 
of the pressure sensor to the displacement thickness of the boundary layer; 
hence, the upper limit of the frequency is not determined. 

Space-time correlation of the pressures at two points taken with variable 
time delay is presented in Fig. 8. This shows that the correlation of the 

0 109 66 
o 25 I 86 
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FIG. S. Stienmwist space-time CorrLhtion of wall pressures in boundsry layers (Willmdrth). 
N.A.S.A. 

pressures is 0.4 at a distance 0.1 foot apart for a boundary-layer-displace- 
rnent thickness of 6* = 0.0065 foot, and that the pressure impulse seems 
to be convected downstream at approximately 88 per cent, of f m - s t r w ~ ~  

I 
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velocity. Even at a distance of 0.5 foot the correlation is still apparent, 
beiig in the order of 0-  1. If the turbulence were transported as a frozen 
pattern, the maximum correlation would be unity independent of distance. 
This dying out of the correlation with distance is sometimes referred to as 
" melting frozen turbulence". 

2. Theory on Sound Transmitted by Flexible Wall.-There is still con- 
siderable confusion in the prediction of boundary-!ayer noise inside a fwlage, 
afid how it should vary with flight conditions and structural properties of the 
wall. Corms and Liepmann have considered the case in which the fluctuat- 
ing pressures are considered correlated only over a limited area, proportional 
to the boundary-layer thickness, but small with regard to size of plate. The 
pressures are assumed to act like rain on a roof. They find that under these 
assumptions (and an assumed flat input spectrum and thin boundary layez), 
the sound intensity I is given by the following proportionality 

layer thkkss, 9 is tfie plate damping, 
thklcness (If thesoundpmssu~?~ 

im.ide the fbsehge were d i d y  proportional to the boundary-layer pressures, 
the sound energy would vary as V, since I ocpz.) 

Ribner has treated the same problem on the assumption that the tur- 
bulence is a frozen pattam transported over the plate. 'He finds that for an 
infinite plate, at subsonic speeds, no sound is radiated but the internal 
pressures die out exponentially. However, for the finite plate, reflections of 
the travelling waves are set up at the plate boundaries, resulting in noise 
radiation. He finds for thin boundary layers that the sound should vary as 
(S / /Z)~V,  and for thick layers, as VS(S/h).  Kraichnan in the analysis of a 
square plate with frozen turbulence h d s  for thin boundary layers that the 
energy varies as the fourth power of the boundary-layer thickness. 

The response of panels to " frozen melting turbulence " has been studied 
by Dyer. The correlation is assumed to die out exponentially and have a 
scale that is small compared to the plate dimension. He finds the effect of 
convection of turbulence to be small unless the convection speed approaches 
the speed of travelling waves in the plate, and the correlation distance is com- 
parable to the wavelength of the travelling waves in the plate. 

Previous investigations have neglected the interaction between the plate 
deformation and the airflow. This may not cause errors qt subsonic speeds; 
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however, at supersonic speeds this interaction may be important. Houbolt 
ootrsiders the response of a plate to a frozen turbulence pattern at supersonic 
speed, taking account of the interaction of plate deformation and airflow. 
He finds that the plate response increases rapidly as the panel flutter speed 
is approached. This, of course, makes a large amount of noise, and pilots 
of supersonic aircraft have.usually been able to detect panel flutter from the 
high noise levels. 

3. Experiments on noise due to boundary layers.-The question of how 
the sound energy varies with boundary-layer thickness has not been resolved. 
It is a well-known fact that near the rear of a fuselage where the boundary- 
layer is thicker, the sound is of higher intensity and more sound-proofing is 
required. Sound measurements inside subsonic airplanes have confirmed 
that the sound energy varies as V6. 

During the development of the Mercury man-carrying space capsule, 
opportunity was taken to measure internal noise levels as function of 
dynamic pressure and Mach number. The capsule is equipped with a bridge 
work escape tower and the whole configuration is extremely rough. Hence, 
one might classify it as having a thick boundary layer. Some of the results 
taken from Hilton et a!. are shown in Fig. 9. Results are given for flights 
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FIG. 9. Internal noise pressures in mercury capsule (Hilton, Mayes and Hubbard). N.A.S.A. 
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with and without the escape tower. It may be noted that the internal noise 
pressures for the configuration with the escape tower fluctuate somewhat 
erratically with Mach number, but lie in the general region of 0.1 per cent. 
of the free-stream dynamic pressure. The sound pressures in the capsule 
yvjfiout the tower are lower, particularly at supersonic speeds, 
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As indicated earlier, the question of the supersonic boundary-layer noise 
is of great importance, and little systematic data have been obtained. Careful 
experiments and further theoretical work on this speed range are needed. 

F. SorticBooms 
There is presently &reat interest in the sonic boom and how it will affect 

the design of future commercial supersonic aircraft. An assessment of some 
of these factors both as to engine and aircraft configuration requirements is 
given by Nichols, Lilley and Spellman, and Hubbard and Maglieri. Desirable 
goals for bothengine and aircraft are that it shall be able to land and take off 
from present airports without exceeding present noise levels, and that the 
aircraft shall be able to reach a sufficient altitude before going supersonic, so 
that the sonic booms created will not be objectionable. 

1. Thory for Volume and Lgt Noise.-The basic theory for the sonic 
boom, which relates the geometry of the aircraft to the sonic boom pressures 
on the grotmd, is given by Whitham. In this theory the linearized solution 
lor the cnaraciensita UI ii &cider h&j zf rewhtiez c e  ~n_r?dSed tc? w o u n  t 
for the fact that the pressures are not propgated 8s Mach waves at the speed 
of sound in the undisturbed medium, but at spemls that are a function of the 
shock strength. Although the theory deals specifically with bodies of revo- 
lution, in application of the theory to aircraft, the aka& is treated as a body 
of revolution having the same cross-sectional area as the aircraft. This noise 
due to the volume of the aircraft is for present-day aircraft, the main source 
of sonic boom noise, and has lately been termed volume noise, to distinguish 
it from the noise due to the weight of the aircraft which is usually termed lift 
noise. 

The theory for the lift noise was developed nearly concurrently by the 
Manchester group in England, and by Busernann of N.A.S.A. A graphic 
mechanical analogy taken from Busemann is presented in Fig. 10, in which 
the supersonic airplane is illustrated as being carried by a lifting crowbar. 
Since the ground reaction is behind the airplane, the lift of the airplane must 
be carried as a force and a moment. For flight at high altitudes the Found 
pressures due to the moment are many times those due to the force, and hence 
the N type pressure signature for the lift noise is similar to that for volume. 

Since the propagation of shocks from the aircraft is a non-linear 
problem, it is necessary to combine both the lift and the volume noise at the 
aircraft, rather than add their contribution in the far field. The theory for 
the combined noise has been treated by Walkden, and application of this 
method has been made by Morris, Carlson, and others, both in government 
and industry. These theoretical studies show how the position of the wing 
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affects tne intensity of the bow shock. The most favourable position of the 
wing is near the rear of the fuselage, where the positive pressure field under 
the wing is partially cancelled by the negative pressure of the fuselage. With 
a wing so placed, at low altitudes the lifting surface makes no contribution 
to the bow shock ; however, at high altitudes, the volume effects and fuselage 
pressures become so low that the lifting surface is the main source of the ponic 
boom. 

LIFTING HYPERBOLA 
- -  

Alihough the ground shock pressures are determined by combined 

The fbllowing equations are taken from a 
The equation for the pressure on the 

vioi:ime and lift effects, it is of interest to look at the far-field equations for * 
tach componeilt separately. 
re;mrt by Maglieri and Hubbard. 
g;ouiid due to volume only is I 

n I +  nP" = K,K, [ (M2 - 1)* ( I )  (=) P" Po 1 
where Ap,/P, is ratio of [lie bow shock pressure to ambient, K1 is taken 
as 1 . 8  io account for ground reflection, K, is a form factor taken as 0.62 
for a ya:ticular test airplane, Pa and P,, are the atmospheric pressure at the 
; N ~ ~ W  a i d  ground level, re>pectively, L /  is maximum diameter of body of 
rc;c>lutinii I-e!~iwmting the airplane, I is the length, and z is the altitude. 
Lansing l i s  cxp!ored the rangc of the form factor K, for a number of current 
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aircraft and arbitrary bodies of revolution. He finds the value of K, to vary 
from 0.57 to 0.64 for airplanes, and from 0.54 to 0-8 for extreme ranges 
of an arbitrary shape. 

r 

The equation for the lift noise is 

where W is thc weight of the aircraft, and 1, the length of wing projection 
on centreline and K, m 0.60 for a delta wing airplane. Moms has explored 
the range of K, for various lift distributions and finds it to lie betwen 0.5 
and 0 - 7 .  

An inspection of the two equations shows that for the volume noise the 
ratio of shock pressure to ambient ground pressure is reduced by the factor 
(Pa,/Po)* in addition to the explicit distance factor z*. The ratio (Pa/PJf 
does not appear in the lift formula. Hen=, as altitude is increased tbe 
volume noise decreases much fzste: :ha11 iifr noise. The reason for this is 
h i  the airplane weight supported by $he ground regardless of 
altitude of the airpfam; h e strength of shocks due to volume is 

ts on Stdy-Flighit Sonic Booms.-A considerable amount 
ic boom pressures has been accumulated. Some of this 

is shown in Fig. 11 taken from a paper by Maglieri and Hubbard. This 

air density rzt'#ight altitude. 

0 BOMBER 
0 FIGHTER 

I 0 to io 3b 4b 5 b  6 b 0 3  
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l - 1 ~  11. Sonic boom pressures for fighter ard konibci-t>yo aircraft. All  data 1 i a C  heen 
normalized by volume equation to I= 100 feet. M = 1 -6, &nn(ll/d = 9 (Maglieri and Hub- 
bard), N.A.S.A. 
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includes both fighter and bomber data; the pressures for the fighter aircraft 
have been adjusted to the size of the bomber by use of the relations of the 
equation for volume noise. The data, in general, follow the theoretical 
trend, except that the bomber data on the average are a little above the theo- 
retical line, indicating that there may be some lift noise in the bomber data. 
The theoretical lift curve for the maximum weight condition for the 
bomber is shown by the dashed line. 

\ 

3. Eflect of Aircraft A4anceuvre.s.-The discussion thus far has dealt 
with the sonic boom in steady level flight in a homogeneous atmosphere. 
As was shown by Prandtl and others, the acceleration of a supersonic vehicle 
(whether the acceleration be linear or due to curvature of the flight path) 
produces cusps in the shock front, and regions of high-intensity shocks. 
These shocks are sometimes referred to as superbooms. This is illustrated 
in Fig. 12 taken from a recent study by Lansing. In this figure the airplane 

__-- RAY PATH 
e. - ’ . SHOCK FRONT 

(ON GROUND! 

Fie. 12. Ground shock wave showing formation of cusps and foci (Lansing). N.A.S.A. 

is flown at 30,000 feet in a manceuvre which displaces its path 3 miles, while 
travelling a distance of 14 miles. As Rao shows, the shock-front energy 
between any two rays remains a constant (except for the shock losses). 
Hence, if the rays spread apart, the shock becomes weaker, and if the rays 
converge, the shock is intensified. Thus, at regions S there are foci of the 
rays which result in an intensification of the shock, and at S‘ there is a cusp, 
also with a shock intensification. Rao has presented a method, b a s 4  on 

D witbarn’s non-ligear theory, for predjqting the intensity of the shocks in these - - _  

I 
‘ I  
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regions, and in general for any acoelerated flight. Randall has applied this 
method to calculate the intensity of sonic bobms for various manceuvres, 
and has also shown very important effects of temperature and wind gradients 
in the atmosphere on the extent of the sonic boom corridor on the ground. 

In summary, it would appear that the theory for the sonic boom k fairly 
complete, and will probably stand unless more refined flight measurements 
show significant discrepancies. The main pi&hm that remain deal with 
ewhting the lift noise of very large airplanes, determining the sound propa- 
gation from extreme altitudes, determining effects of the non-homogeneous 
atmosphere, meteorological conditions, and normal flight manaeuvres on the 
intensity of the boom. 

Concluding Remarks 

We have attempted to present a brief survey of some of the noise 
problems of the last decade and some of the reslittj of research on noise 
sources that are of current interest. &e speed of commercial aircraft 
is I r i c d  to supersonic speeds, the old problems as well as new problems, 
such as the sonic bum, are f-rs that must be given careful consideration 
in tlte dcsi 

fn conclusion, I wish to thank the Staff of the Acoustics Branch and 
Professor I. E. Garrick for their help in the preparation of this paper. 

operation of such aircraft. 
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